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Chickenleading cause of gastroenteritis in humans and animals. Transmission between
mammalian species and humans has been demonstrated repeatedly. Here, the ﬁrst entire genome sequence
(19,064 bp) of a chicken rotavirus, strain Ch-02V0002G3, is presented. A low degree of nucleotide sequence
identity with the mammalian group A rotaviruses is evident for all 11 genome segments, whereas a closer
relationship to available rotavirus sequences from avian species has been determined. According to a novel
rotavirus classiﬁcation system, new genotypes were proposed and ratiﬁed by the Rotavirus Classiﬁcation
Working Group for eight of the Ch-02V0002G3 genome segments, resulting in the genotype constellation
G19-P[30]-I11-R6-C6-M7-A16-N6-T8-E10-H8. Due to the low percentages of genome sequence identity, the
different genome segment sizes and the marked sequence differences of non-structural proteins, an
independent evolution without exchange of genetic material between mammalian and avian group A
rotavirus strains is likely.
© 2009 Elsevier Inc. All rights reserved.IntroductionRotaviruses have been recognized as a major cause of gastro-
enteritis in young children (Parashar et al., 2003) and several animal
species (van der Heide et al., 2005). The non-enveloped virus particles
with a diameter of approx. 100 nm consist of six viral structural
proteins (VP) and a genome of 11 double-stranded RNA segments
(Ramig et al., 2005). The inner shell of the particles is formed by VP2
surrounding the complex of viral RNA, VP1 and VP3, which are minor
components of the core conferring RNA polymerase activity. The
intermediate shell of the particles is formed by VP6, whereas VP4 and
VP7 are localized in the outer shell. In addition to the structural
proteins, the rotavirus genome encodes 5 or 6 non-structural proteins
(NSP) with functions in modulation of host immune response (NSP1),
regulation of gene expression (NSP3) and viral genome replication
(NSP2, NSP5) as well as induction of diarrhea and morphogenesis of
rotavirus particles (NSP4) (Estes and Kapikian, 2007).
Classiﬁcation of rotaviruses in groups is mainly based on antibody
reactivity or sequence identity of VP6, which is most conserved among
the major structural proteins. Until now, 5 groups designated as A to E
and two additional tentative groups F and G have been assigned (Estes
and Kapikian, 2007; Ramig et al., 2005). Genotyping of viruses within
group A is mainly based on sequence identities within VP4 and VP7
leading to P (protease-sensitive) and G (glycoprotein) types, respec-
tively (Gorziglia et al., 1990). Recently, a novel classiﬁcation system).
ll rights reserved.has been proposed using the nucleotide sequences of all rotavirus
genome segments, which enables a comprehensive characterization
of group A rotavirus strains taking into account possible reassortment
events (Matthijnssens et al., 2008a; Matthijnssens et al., 2008b).
Transmission of group A rotaviruses between mammalian animals
and humans has been described repeatedly. Earlier studies based on
RNA–RNA hybridization identiﬁed possible reassortment events
between human strains (Ward et al., 1990) or between human and
animal strains (Nakagomi and Nakagomi, 2002). Recently, genome
sequencing led to the detection of an entire animal virus in humans
(Matthijnssens et al., 2006) or to the detection of individual genome
segments of animal rotaviruses in the backbone of a human virus
indicating a reassortment event between both virus types (Khamrin
et al., 2006; Mascarenhas et al., 2007; Rahman et al., 2007). From an
evolutionary point of view, a common origin of humanWa-like strains
with porcine rotaviruses and human DS1-like strains with bovine
rotaviruses has been proposed based on a high number of shared
genotypes (Matthijnssens et al., 2008a). Interspecies transmission is
thought to continuously contribute to genetic variability of human
rotaviruses (Müller and Johne, 2007).
A variety of rotaviruses of groups A, D, F and G has been detected in
several avian species including chicken, turkey and pigeon (Estes and
Kapikian, 2007; McNulty et al., 1980; McNulty, 2003); however, only
group A rotaviruses have been characterized in more detail. An
association of rotaviruses with diseases of poultry including acute
diarrhea and the chronic runting and stunting syndrome has been
proposed (McNulty, 2003; Otto et al., 2006). Avian group A rotaviruses
show a different electrophoretic migration pattern of their genome
Table 1
Comparison of genome segment sizes and sequence similarities among rotaviruses isolated form chicken (Ch-2G3), pigeon (PO-13) and monkey (SA11)
Segment number/encoded protein Nucleotides/amino acids (genotype) % Nucleotide sequence identity
(% Amino acid sequence identity)
Ch-2G3 PO-13 SA11 Ch-2G3/PO-13 Ch-2G3/SA11
1/VP1 3305/1089 (R6) 3302/1088 (R4) 3302/1088 (R2) 79.1 (91.6) 71.7 (76.5)
2/VP2 2732/895 (C6) 2738/897 (C4) 2690/882 (C5) 76.7 (91.1) 71.4 (77.0)
3/VP3 2583/829 (M7) 2583/829 (M4) 2591/835 (M5) 73.7 (75.9) 63.7 (56.7)
4/VP4 2354/770 (P[30]) 2349/770 (P[17]) 2362/776 (P[2]) 77.3 (85.0) 65.0 (61.9)
5/NSP1 2122/577 (A16) 1870/576 (A4) 1581/496 (A5) 63.1 (60.7) 40.3 (13.9)
6/VP6 1348/397 (I11) 1348/397 (I4) 1356/397 (I2) 79.0 (87.7) 68.2 (72.4)
7/NSP3 1089/304 (T8) 1092/306 (T4) 1105/312 (T5) 69.0 (65.2) 55.9 (44.9)
8/NSP2 1042/315 (N6) 1042/315 (N4) 1059/317 (N5) 78.5 (86.1) 62.6 (56.6)
9/VP7 1066/329 (G19) 1065/329 (G18) 1062/326 (G3) 74.6 (74.5) 65.7 (57.8)
10/NSP4 724/168 (E10) 727/169 (E4) 751/175 (E2) 79.3 (78.1) 56.5 (33.7)
11/NSP5, NSP6 699/208, - (H8) 729/218, 96 (H4) 667/198, 92 (H5) 74.5 (71.8) 61.8 (50.3)
Genome 19,064 18,845 18,526 75.4 65.3
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which is mainly conferred by the larger size of genome segment 5 in
avian strains (Estes and Kapikian, 2007; Schumann et al., 2009-this
issue). The only avian strain completely sequenced so far is the group
A rotavirus strain PO-13, which has been originally isolated from a
pigeon (Ito et al., 2001). This genome sequence as well as partial
sequences of other avian rotaviruses (Schumann et al., 2009-this
issue) indicates only a low level of relatedness between avian and
mammalian group A rotaviruses.
In order to clarify the distinct relationship of avian andmammalian
rotaviruses, the complete genome sequence of a chicken rotavirus has
been determined in this study and compared to available avian and
selected mammalian rotavirus sequences. A detailed comparison of
the sequence with that of PO-13 should identify conserved and
variable regions delineating common features of avian group A
rotaviruses and those demarcating it from their mammalian counter-
parts. The availability of the chicken rotavirus genome sequence
should also promote the development of sensitive diagnostic tests for
the detection of rotaviruses in poultry as well as for tracing genetic
material of avian rotaviruses in samples derived from mammalian
animals and humans.Fig.1. Comparison of the structure of genome segment 5 of avian rotavirus strains Ch-2G3 and
the coding regions for NSP1 and the adenine-rich insertion (A-rich insertion) in Ch-2G3 are
small arrows. (B) RT-PCR analysis of the 21th tissue culture passage of pigeon strain PO-13 (
and the original faecal sample of strain Ch-2G3 (2G3 orig.). PCR products generated using the
molecular mass markers, with sizes as indicated left. neg: negative control (non-infectedMA
insert and those that do not.Results
Genome sequence determination
The genome of chicken rotavirus group A strain 02V0002G3 (Ch-
2G3) was assembled from overlapping sequences of 21 cloned PCR
products ampliﬁed using primers listed in Supplemental data 1 and 22
PCR products generated for the segment ends using a primer ligation
strategy. It has a total length of 19,064 bp, which is considerable longer
than that of most other rotavirus group A isolates. As evident from
Table 1, this size difference could mostly be attributed to genome
segment 5. Compared to segment 5 of the mammalian rotaviruses
(1581 bp in simian strain SA11), both available avian rotavirus
segment 5 sequences are signiﬁcantly longer (1870 bp in pigeon strain
PO-13, 2122 bp in chicken strain Ch-2G3), which is also reﬂected by a
larger NSP1-encoding sequence for these viruses (for details, see
below). The size difference between PO-13 and Ch-2G3 is mainly
conferred by a 256 bp insertion within the 3′-non-coding region of
segment 5 of Ch-2G3 (Fig. 1A), which has a high content of adenine
residues (68.4%). In order to clarify, whether this insertion has been
acquired during passage in tissue culture, an RT-PCR amplifying thisPO-13. (A) Schematic presentation of genome segment 5 (not in scale). The positions of
indicated by small numbers. The binding sites of primers Ins-s and Ins-as are shown by
PO-13 pass. 21), the 11th tissue culture passage of chicken strain Ch-2G3 (2G3 pass.11)
primers Ins-s and Ins-as were separated on ethidium-bromide-stained agarose gels. M:
-104 cells). The arrows indicate the position of PCR products containing the adenine-rich
327E. Trojnar et al. / Virology 386 (2009) 325–333region was performed using primers Ins-s and Ins-as with binding
sites on segment 5 of Ch-2G3 and PO-13 near to the insertion site (Fig.
1A) and the PCR product derived from the faecal sample was directly
sequenced. The larger PCR product, which was detected in the tissue-
culture-derived Ch-2G3 as well as in the original faecal sample (Fig.
1B), showed only one point mutation (C to A, position 1835) as
compared to the tissue culture-derived Ch-2G3 thus conﬁrming the
authenticity of the insertion sequence. As expected, a smaller PCR
product without the insertion was derived from strain PO-13.
Nucleotide sequence analysis and genotyping
The genome segment sequences of Ch-2G3 were compared to that
of PO-13 and SA11. The detailed percentages of sequence identity are
shown in Table 1. Brieﬂy, Ch-2G3 showed nucleotide sequence
identities between 63.1% and 79.1% to PO-13, but only 40.3% to 71.7%
to SA11. In both cases, the sequence of segment 5 showed the lowest
percentage of identity whereas segment 1 had the most conserved
sequence. Based on the novel classiﬁcation system according to
Matthijnssens et al. (2008a), potentially novel genotypes were
proposed and submitted to RCWG for validation, and 8 of the 11
segments of Ch-2G3 were found to belong to novel genotypes. For the
VP1, VP2, VP3, VP4, NSP1, NSP2, NSP3 and NSP5 encoding genome
segments of Ch-2G3, the following new genotypes were respectively
assigned: R6, C6, M7, P[30], A16, N6, T8, and H8. The VP6, VP7, and
NSP4 encoding genome segments belonged to the previously
established avian genotypes I11, G19 and E10, respectively.
Comparison of terminal sequences
The length of the non-coding terminal sequences of the genome
segments of Ch-2G3 range between 17 bp (segment 2) and 77 bp
(segment 7) in the 5′-region and 17 bp (segment 1) and 350 bp
(segment 5) in the 3′-region. With the exception of segment 5 (see
above), these results are comparable with that of PO-13. A detailed
comparison of the terminal sequences shows that they are highlyTable 2
Comparison of 5′- and 3′-terminal sequences of Ch-2G3 and PO-13
Segment (encoded protein) Strain 5′-terminal sequence 3′-terminal sequence
1 (VP1) PO-13 GGCUAUUAAA AUAUGACC
Ch-2G3 .......... ..G.....
2 (VP2) PO-13 GGCUAUAAAA AUAUGACC
Ch-2G3 ......U... ........
3 (VP3) PO-13 GGCUAUUAAA AUGUGACC
Ch-2G3 .......... ........
4 (VP4) PO-13 GGCUAUAAAA AUGUGACC
Ch-2G3 .......... ..U.....
5 (NSP1) PO-13 GGCUUUUAAA AUGUGACC
Ch-2G3 .......... ..A.....
6 (VP6) PO-13 GGCUUUUAAA AUGUGACC
Ch-2G3 ......A... ........
7 (NSP3) PO-13 GGCUUUUAAA AUGUGACC
Ch-2G3 .......... ........
8 (NSP2) PO-13 GGCUUUUAAA AUGUGACC
Ch-2G3 .......... ........
9 (VP7) PO-13 GGCUUUUAAA AUGUGACC
Ch-2G3 ...A...... ........
10 (NSP4) PO-13 GGCUUUAAAA AUAUGACC
Ch-2G3 .......... ........
11 (NSP5) PO-13 GGCUUUAAAA UUGUGACC
Ch-2G3 .......... ........
Ch-2G3 consensus GGCUUUUAAA AUGUGACC
AA A U A
U
PO-13 consensus GGCUUUUAAA AUGUGACC
A A U A
SA-11 consensus GGCUUUUAAA AUGUGACC
GAA AUUU UGAGAG
Uconserved among the different segments of Ch-2G3 and that they
have a consensus sequence typical for group A rotaviruses (Table 2).
Phylogenetic analysis
The amino acid (aa) sequences were deduced for 6 mammalian
group A rotaviruses (three genetically divergent human strains DS-1,
AU-1 and Wa, and three animal strains: simian strain SA-11, bovine
strain WC3 and porcine strain A253), the avian strains Ch-2G3 and
PO-13, and rotavirus group C strain Bristol as an outgroup sequence
using the entire nucleotide sequences of the respective segments. As
the sequence for segment 4 of porcine strain A253 was not available at
the GenBank database, the sequence of porcine strain P343 was used
for this segment. The accession numbers and genotypes of the used
strains are available in Supplemental data 2.
Phylogenetic trees were established for each segment using either
the entire nucleotide sequences or the deduced aa sequences,
however, with very similar results regarding the branching of the
trees (not shown). As evident from Fig. 2 for the aa sequences, all of
the group A rotaviruses including Ch-2G3 cluster within one branch
that is clearly distinct from that of the group C rotavirus, however,
with the exception of NSP1 (Fig. 2G). For this protein, the avian
sequences cluster together in a separate branch whereas the
mammalian group A rotaviruses are more closely related to the
group C rotavirus. In all other cases, a further subgrouping into clearly
separatedmammalian and avian clusters is evident within the group A
rotavirus branch.
A more detailed analysis of the phylogenetic relationships among
avian strains was performed for segment 10 as a higher number of
nucleotide sequences were only available for a part of this segment.
The phylogenetic tree (Fig. 3) shows a close relationship of Ch-2G3
with Ch-1 (97.1% nucleotide sequence identity) and with the other
chicken isolates, and a more distant relationship with isolates from
turkey and pigeon.
Deduced amino acid sequence analysis
The sequences of VP4, VP6, VP7 and NSP5 of strain Ch-2G3 have
been analyzed recently showing that they are closely related to that of
other rotavirus group A strains isolated from chicken and that they
contain conserved functional motifs which are common to all group A
rotaviruses (Schumann et al., 2009-this issue).
The VP1 sequence of Ch-2G3 (genotype R6) is most closely related
to that of PO-13 (genotype R4), which represents the only available
VP1 sequence of another avian rotavirus. With 1089 aa, it is one amino
acid longer than the VP1 sequence of PO-13 and the other mammalian
sequences analyzed here. Both avian sequences show a deletion of aa
positions 103 and 121, and a three aa insertion between aa positions
154 and 155; in contrast to PO-13, aa position 166 is not deleted in Ch-
2G3 (aa numbering according to SA11). All VP1 sequences analyzed
here show a high degree of sequence identity throughout the whole
protein. Motifs A–D, which are essential for RNA polymerase activity
(Vásquez-del Carpió et al., 2006), are completely conserved in Ch-2G3
with the exception of one conservative aa exchange (position 625: Ile
to Val) within motif C.
VP2 is also highly conserved with the exception of the amino-
terminal region (positions 5 to 66 in SA11), where insertions and aa
exchanges lead to divergence of the analyzed strains. Ch-2G3
(genotype C6) and PO-13 (genotype C4), which represent the only
available avian rotavirus VP2 sequences, show also most of their
sequence differenceswithin this region. However, both strains have an
insertion in this region leading to a length of 895 and 897 aa,
respectively, for this protein which is slightly longer than that of most
mammalian group A rotaviruses (882 aa in SA11). The amino-terminus
of VP2 has been shown to be necessary for encapsidation of VP1 and
VP3 (Zeng et al., 1998), however, the functional signiﬁcance of the
Fig. 2. Phylogenetic analysis of the entire amino acid sequences of VP1 (A), VP2 (B), VP3 (C), VP4 (D), VP6 (E), VP7 (F), NSP1 (G), NSP2 (H), NSP3 (I), NSP4 (K) and NSP5 (L) of two
avian and six mammalian group A rotaviruses. The human group C rotavirus strain Bristol (Hu-rota C) was included as an outgroup sequence. Clustal W analysis was performed with
1000 bootstrap simulations using the MegAlign module of DNASTAR software package (Lasergene, Madison, USA). The trees are scaled in amino acid substitution units. The animal
species from which an individual isolate originated is indicated by the ﬁrst two letters of its designation: Ch — chicken, Pi — pigeon, Bo — bovine, Po — porcine, Si — simian, Hu —
human. Chicken isolate Ch-2G3 is indicated in bold face. The assigned genotypes are indicated in italics.
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329E. Trojnar et al. / Virology 386 (2009) 325–333sequence differences is not known. Recently, the binding region of the
group A rotavirus-speciﬁc monoclonal antibody 6E8 has been
identiﬁed to be localized between aa positions 440 and 530 (aa
numbering according to Wa) of VP2 (McDonald and Patton, 2008).
Although the binding of the antibody has not been tested so far, the
relative low percentage of aa identity (62.6% to 72.5%) between the
avian and mammalian sequences in this region may indicate that the
avian group A rotavirus strains will not be recognized by this antibody.
Two avian rotavirus VP3 sequences (strains PO-13 and Ch-2) are
available for comparison to that of Ch-2G3. Although strain Ch-2
(genotype M4) has been originally isolated from chicken (McNulty
et al., 1979), its VP3 aa sequence is closely related to that of PO-13
(genotype M4; 94.7% identity), but clearly distinct from that of Ch-
2G3 (genotype M7; 76.0% identity). This is in accordance with other
studies showing that all of the genome segments of Ch-2 analyzed so
far are more closely related to rotavirus sequences derived from
turkey and pigeon than to chicken strains (Schumann et al., 2009-this
issue; Buragohain et al., 2008). The aa exchanges between Ch-2G3 and
the other avian strains are randomly scattered throughout the whole
VP3 sequence. All of the avian VP3 sequences have a length of 829 aa,
which is six aa shorter than that of the mammalian rotavirusFig. 3. Phylogenetic analysis of a 207 to 210 bp fragment of genome segment 10 encoding NSP
strain SA11 (Si-SA11) was included as an outgroup sequence. Clustal W analysis was perform
package (Lasergene, Madison, USA). The tree is scaled in amino acid substitution units. Ref
accession number. The chicken isolate Ch-2G3 is indicated in bold face andmarked by a smal
right.sequences analyzed here. This size difference can be reduced to a
deletion of aa positions 201 to 203, aa position 454 and two carboxy-
terminal aa in the avian strains (aa numbering according to SA11). The
two sites of VP3 putatively required for its methyltransferase activity
(KXTAMDXEXP and KXXGNNH, Cook and McCrae, 2004) are com-
pletely conserved among the analyzed strains including Ch-2G3.
Among three regions in VP3, which have been identiﬁed to exhibit
host speciﬁc pattern (Subodh et al., 2006), two are conserved in all
avian strains (aa positions 197 to 204 and 449 to 452), whereas the
third region of Ch-2G3 (genotypeM7; aa positions 637 to 624) is more
identical to that of the bovine strain WC3 (genotype M2) than to the
other avian strains (genotype M4).
The NSP1 of Ch-2G3 (genotype A16) is most closely related (60.7%
aa sequence identity) to that of PO-13 (genotype A4), which is the
only other NSP1 sequence available for an avian rotavirus. The
identities of the NSP1 sequences of these avian strains with that of
mammalian group A rotaviruses are very low (13.9% aa sequence
identity between Ch-2G3 and SA11). Also, the size of the protein
differs signiﬁcantly between these groups with 577 aa and 576 aa for
Ch-2G3 and PO-13, respectively, compared to 496 aa for SA11.
However, some sequence conservation can be found in both groups4 of rotavirus strains isolated from turkey (Tu), chicken (Ch) and pigeon (Pi). The simian
ed with 1000 bootstrap simulations using the MegAlign module of DNASTAR software
erence strains are indicated in bold face, ﬁeld isolates are shown using their GenBank
l arrow. The genotypes previously assigned byMatthjinssens et al. (2008a) are indicated
Fig. 4. Comparison of amino acid sequences of NSP1 of chicken rotavirus isolate Ch-2G3 and pigeon rotavirus isolate PO-13. Amino acid positions are indicated left. Amino acid
residues of PO-13, which are identical to that of Ch-2G3 are shown as a dot. The asterisks indicate amino acid residues of the zinc-binding domain conserved among avian and
mammalian rotaviruses.
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positions 62 to 99 in Ch-2G3), in which all of the functionally
important Cys and His residues are present in Ch-2G3 and only one of
the His residue is mutated to Asp in PO-13 (Fig. 4). A detailed
comparison of the NSP1 sequences of Ch-2G3 and PO-13 shows that
most of the conserved aa positions are located between aa position 40
and 240, however, short stretches of identical aa sequences are also
found at the amino terminus as well as in other parts of the protein
(Fig. 4). A homology search of protein sequence databases using the
BLASTp facility revealed only low percentages of identities of the avian
NSP1 sequences to other proteins and no signiﬁcant homologies to the
NSP1 of mammalian rotaviruses. Limited homologies to the envelope
glycoprotein of porcine respiratory and reproductive syndrome virus
were detected in the central part and to bacterial DNA helicases in the
carboxy-terminal part of NSP1 of Ch-2G3. However, these homologies
were not found when the NSP1 sequence of PO-13 was used for
searching.
All of the available avian rotavirus NSP2 sequences (Ch-2G3, PO-13
and turkey strain Ty-1) have a length of 315 aa, which is two residues
shorter than those of the mammalian group A rotaviruses due to
deletion of aa positions 11 and 317 (aa numbering according to SA11).
Among the avian rotaviruses, NSP2 is the most conserved non-
structural protein showing 97.5% aa sequence identity between PO-13
(genotype N4) and Ty-1 (genotype N4) and 86.1 to 86.4% aa sequence
identity between these strains and Ch-2G3 (genotype N6); the aa
exchanges are scattered throughout thewhole protein. In contrast, the
identity between avian andmammalian NSP2 sequences is low (56.6%
identity between Ch-2G3 and SA11). However, aa residues 202 to 241,
representing the NTPase domain including the catalytically active His
at position 225 (Kumar et al., 2007), are highly conserved between
avian andmammalian strains and only two conservative aa exchanges
at positions 230 and 233 are present within this region of the avian
strains.
The two available avian rotavirusNSP3 sequences (Ch-2G3 and PO-
13) have an insertion of a Val residue between aa positions 149 and
150 and a deletion of positions 170 to 176 as compared to that of the
mammalian group A rotaviruses (aa numbering according to SA-11).
The insertion of two aa residues between positions 153 and 154,
which is present in PO-13, is not found in Ch-2G3 leading to a size of
306 aa for the NSP3 of Ch-2G3. The aa identity between Ch-2G3
(genotype T8) and PO-13 (genotype T4) is only 65.2%, but the region
between position 50 and 150 is more conserved between both strainsthan the other parts of the protein. Despite the low percentage of
identity between avian and mammalian group A rotavirus NSP3
sequences (44.9% identity between Ch-2G3 and SA11), this region,
which contains proposed motifs for binding of RNA (Mattion et al.,
1992), is the only one which shows longer stretches of conserved aa
sequences in both groups. In addition, a hydrophobic heptad repeat
region proposed to be responsible for oligomerization of NSP3
(Mattion et al., 1992) could be delineated from the Ch-2G3 sequence
between aa positions 172 and 214.
Four complete avian rotavirus NSP4 sequences (PO-13 [genotype
E4], Ch-1 [genotype E10], Ty-1 [genotype E4] and Ty-3 [genotype E11])
were available for comparison with that of Ch-2G3 (genotype E10).
Among these, the NSP4 of Ch-2G3 turned out to be closely related to
that of Ch-1 with 95.9% identity. Also, a relative close relationship with
the other avian rotavirus NSP4 sequences (77.5–78.7% identity) was
evident, whereas the identities to themammalianNSP4 sequenceswere
low (30.8–33.7% identity). All avian sequences have deletions of aa
positions 139, 152 to 154 and 161 to 162 as compared to their
mammalian counterparts (aa numbering according to SA11). In
addition, Ch-2G3 and Ch-1 have a deleted aa position 138 leading to a
length of only 168 aa for the NSP4 of Ch-2G3 as compared to 175 aa for
that of SA11. Detailed analyses of the NSP4 sequences and of the
antibody reactivity of NSP4 of avian and mammalian group A
rotaviruses including strain Ch-1 have been published recently (Lin
and Tian, 2003; Borgan et al., 2003). As the NSP4 sequence of Ch-2G3
has only seven aa exchanges compared to that of Ch-1, which are all
except one (aa position 143: Ser to Pro) represent conservative changes,
similar results of antigenic analysis could be expected for both strains.
Discussion
The presented sequence of chicken rotavirus isolate Ch-2G3
represents the second complete genome of an avian rotavirus in
addition to that of pigeon rotavirus PO-13 (Ito et al., 2001). The
availability of these sequences and other partial sequences of avian
rotaviruses may allow reconsideration of grouping of these viruses
within the genus Rotavirus. Rotaviruses of different animal species and
humans are highly diverse leading to a grouping into 7 groups
(designated as virus species by Ramig et al., 2005) according to their
antibody reactivity and sequence identity of the conserved capsid
protein VP6 (Estes and Kapikian, 2007). Viruses within the same group
share common features of their genome sequences, are sometimes
331E. Trojnar et al. / Virology 386 (2009) 325–333restricted to speciﬁc hosts and should be able to exchange genetic
material by reassortment under natural conditions (Ramig et al., 2005).
One of the strongest evidence for grouping of the avian rotaviruses
into group A could be drawn from the highly conserved terminal
sequences of the genome segments, which are found in both, avian
rotaviruses and mammalian group A rotaviruses analyzed here. In
contrast, group B and group C rotaviruses show terminal consensus
sequences, which are completely different (Estes and Kapikian, 2007;
Ramig et al., 2005). Grouping into group A is also supported by results
of Kool et al. (1992) showing that the avian rotavirus strain Ty-1 and
the simian group A RRV rotaviruses are capable of reassortment under
experimental conditions. Experimental transmission of avian rota-
virus PO-13 to mice has been successfully demonstrated (Mori et al.,
2001). However, transmission seems to be rare under natural
conditions as only one report describes isolation from a calf of
rotavirus 993/83 with a high degree of sequence identity to the
pigeon rotavirus PO-13 (Brüssow et al., 1992).
Ramig et al. (2005) suggest that viruses in the same species will
normally show b10% nucleotide sequence variation in genome
segment 6, whereas viruses of different species contain N30%
sequence variation within this segment. The nucleotide sequence
diversity between Ch-2G3 and SA11 is 31.8% in this segment, which is
slightly above this threshold. As it has been shown that monoclonal
antibodies speciﬁc for VP6 of the pigeon rotavirus PO-13 are able to
recognize VP6 of mammalian and avian group A rotaviruses
(Minamoto et al., 1993), the threshold value of sequence diversity to
deﬁne rotavirus species should be reconsidered. Also, analysis of all of
the other genome segments revealed only relative low degrees of
sequence identities between avian rotaviruses and mammalian group
A rotaviruses. However, with the exception of genome segment 5, the
segment sequences of both groups are more closely related to each
other than to rotavirus species B and C (Fig. 2).
The most obvious differences between avian and mammalian
group A rotaviruses are found in genome segment 5, which cannot be
grouped into either rotavirus group A, B or C based on the nucleotide
sequence identities. In addition, it has been shown for many avian
rotavirus isolates that this genome segment migrates signiﬁcantly
slower than that of mammalian group A rotaviruses (McNulty et al.,
1980; Schumann et al., 2009-this issue). This is in accordance with the
larger size as determined by sequencing for the isolates Ch-2G3 and
PO-13, which is mainly due to a signiﬁcant larger open reading frame
for the NSP1. Further analyses of other chicken isolates should clarify
whether the additionally inserted adenine-rich sequence in Ch-2G3 is
common to all chicken isolates or not. Insertions, deletions and
rearrangements in genome segments of group A rotaviruses have been
reported frequently (Giambiagi et al., 1994; Kojima et al., 1996;
Matthijnssens et al., 2006).
Analysis of the deduced amino acid sequences of the encoded virus
proteins of Ch-2G3 generally showed a close relationship to other
avian group A rotavirus proteins and identiﬁed conserved functional
motifs common for all groups A rotaviruses; however, with the
exception of NSP1. Due to the different composition of the NSP1 of
avian rotaviruses and mammalian group A rotaviruses it may be
questionable whether both proteins can exert the same function. It
has been shown for the mammalian group A rotaviruses that NSP1
regulates the host immune response by inducing degradation of the
interferon regulatory factors (Barro and Patton, 2005; Barro and
Patton, 2007). The only conserved structural feature that has been
detected in both, avian rotaviruses and mammalian group A
rotaviruses is the zinc-binding domain, which is important for the
proteasome-dependent degradation of the interferon regulatory
factors (Graff et al., 2007). Further experimental analysis of the
avian rotavirus NSP1 will be necessary to decide if the obvious
sequence differences are either due to an adaptation on avian host
factors or due to a different function of the protein. It has been shown
for the NSP4 of group A and group C rotaviruses that the function ofthe proteins could be similar despite the lack of sequence identity
(Sasaki et al., 2001).
In summary, the results of the whole genome analysis generally
indicate a classiﬁcation of Ch-2G3 and the related avian rotaviruses
into group A. However, the obvious sequence differences of avian and
mammalian group A rotaviruses indicate that both virus groups have
been separated from a common ancestor at an early stage of the
rotavirus evolution and that exchange of genetic material between
both groups is uncommon. The availability of the chicken rotavirus
genome sequence will enable the development of diagnostic methods
for detection of genetic material derived from all avian rotavirus
genome segments. Such methods will be useful not only for
investigations on the distribution of rotaviruses within the poultry
population and for their involvement in poultry diseases, but also for a
sensitive search on genetic material from avian rotaviruses in samples
of mammalian origin.
Materials and methods
Intestinal sample
The content of intestinum collected in 2002 from a chicken (No.
02V0002) originating from Germany and suffering from runting and
stunting syndromewas suspended at 1:5 in phosphate buffered saline
(PBS), homogenised and then clariﬁed at 2200 g for 20 min. The
supernatant was used for virus isolation and RNA preparation.
Rotavirus strains
The pigeon group A rotavirus strain PO-13 (G18P[17]) was
obtained from H.-J. Streckert (Institute of Pathology and Cytology,
Augusta and Disease Department, Bochum, Germany).
Virus isolation
Isolation of chicken rotavirus strain 02V0002G3 from the faecal
sample (No. 02V0002) has been described recently (Otto et al., 2006).
Brieﬂy, the supernatant of intestinal sample was treated with
gentamicin solution (Sigma, Taufkirchen, Germany) at a ﬁnal con-
centration of 50 μg/ml for 60 min at room temperature. Thereafter,
trypsin (Serva, Heidelberg, Germany) was added to a ﬁnal concentra-
tion of 0.4 international units (IU) and the sample was incubated for
60 min at 37 °C. Conﬂuent monolayers of MA-104 cells were washed
with PBS and pretreated with diethylaminoethyl (DEAE)–dextran
solution (40 mg/l) in Dulbecco's Modiﬁed Eagle's Medium (DMEM,
Sigma) for 30 min at 37 °C. The suspensionwas inoculated on the cells
at 37 °C for 1 h. The inoculum was replaced with DMEM containing
0.04 IU trypsin and 50 µg/ml gentamicin and incubated at 37 °C in a
humidiﬁed air atmospherewith 5% CO2 for 1–5 days. After 10 passages
when the isolate showed a clear cytopathogenic effect, it was clone-
puriﬁed by end-point dilution. Brieﬂy, fourfold log2-dilution series of
the virus suspension were inoculated into 96-well plates (Nunc,
Karlsruhe, Germany) with monolayer of cells. After incubation for
4 days at 37 °C in a 5% CO2-air atmosphere, the virus was harvested by
scratching of cells from individual wells of the highest dilution, in
which only one rotavirus-positive plaquewas observed. The harvested
virus suspension was used for a second and third procedure of end-
point dilution.
RT-PCR and sequencing
RNA was extracted from 140 μl cell culture supernatant or faecal
suspension using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany) and a total volume of 60 μl was eluted. After addition of 6 μl
dimethylsulfoxide (DMSO), the double-stranded RNA was denatu-
rated by heating at 95 °C for 3min followed by rapid cooling of the vial
332 E. Trojnar et al. / Virology 386 (2009) 325–333in an ethanol bath at−20 °C. RT-PCR was performed with 5 μl of the
RNA preparation using the QIAGEN LongRange 2Step RT-PCR Kit
(Qiagen) with reaction conditions as recommended by the supplier.
Primer sequences for the ampliﬁcation of overlapping parts of the
genome were selected by alignment of genome sequences of known
avian and mammalian group A rotaviruses (Supplemental data 1).
Reverse transcription was performed in a 20 μl reaction at 42 °C for
90 min using both speciﬁc primers. PCR was subsequently performed
in a 2720 Thermal Cycler (Applied Biosystems, Foster City, USA) using
5 μl of cDNA in 50 μl reactions and 93 °C for 3min, 35 cycles of 93 °C for
30 s, 56 °C for 30 s and 68 °C for 5 min, and a ﬁnal incubation at 68 °C
for 7min. The PCR products were cloned using the TOPO TA cloning kit
for sequencing (Invitrogen, Leek, The Netherlands) and subsequently
sequenced using M13 Forward and M13 Reverse primers (Invitrogen)
in an ABI 3730 DNA Analyzer (Applied Biosystems).
Determination of 5′- and 3′-terminal sequences
The sequences at the ends of the genome segmentswere determined
by a primer ligation strategy mainly as described by Potgieter et al.
(2002), with modiﬁcations. In detail, 21.5 μl of isolated RNAwas mixed
with 3 μl DMSO, 3 μl 10 × RNA ligation buffer (GE Healthcare Life
Sciences, München, Germany), 0.5 μl 0.1% bovine serum albumin and
1 μl primer PC3 (5′-PO4-GGA TCC CGG GAA TTC GG(A)17-NH2-3′) or
primer PC3A (5′-PO4-GAA TTC AGA TCT CCC GG(A)17-NH2-3′) at a
concentration of 1 μg/μl. After addition of 1 μl T4 RNA ligase (40 units,
GEHealthcare Life Sciences), themixturewas incubated at 17 °C for 16 h.
The reaction product was puriﬁed using MobiSpin S400 columns
(MoBiTec) and thereafter denaturated by heating at 95 °C for 3 min
followed by rapid coolingof the vial in an ethanol bath at−20 °C. A total
of 5 μl of the preparationwas used as template for cDNA sythesis by RT-
PCR using the QIAGEN LongRange 2Step RT-PCR Kit (Qiagen). Reverse
transcriptionwas performed in a 20 μl reaction at 42 °C for 90min using
200 pmol of primer PC2 (5′-CCG AAT TCC CGG GAT CC-3′) or PC2A (5′-
CCG GGA GAT CTG AAT TC-3′). PCR was subsequently performed in a
2720 Thermal Cycler (Applied Biosystems, Foster City, USA) using 5 μl of
cDNA in 50 μl reactions containing 100 pmol primer PC2 or PC2A and
50 pmol of a speciﬁc primer with a binding site approx. 300 bp distant
from the respective end of the segment. The sequences of the speciﬁc
primers were delineated from the segment sequences generated by RT-
PCR as described above (not shown). The cycling proﬁle consisted of
94 °C for 2 min, 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 68 °C for
2 min, and a ﬁnal incubation at 68 °C for 5 min. Primers PC3A and PC2A
were only used in the case that RT-PCR with primers PC3 and PC2 did
not result in a distinct band after agarose gel electrophoresis. PCR
products were puriﬁed using the QIAquick Gel Extraction Kit (Qiagen)
and directly sequenced as above using the speciﬁc primer.
Sequence analysis
The sequences of the genome segments were assembled from the
determined sequence pieces using the SeqBuilder module of the
DNASTAR software package (Lasergene, Madison, USA) and submitted
to the GenBank database with accession numbers FJ169853–FJ169863.
Open reading frames were identiﬁed and amino acid sequences were
deduced from the nucleotide sequences using the same module.
Sequence alignments and construction of phylogenetic trees were
performed using the MegAlign module of the above mentioned
software package. The accession numbers of avian and mammalian
rotavirus sequences included in the analyses are shown in the
Supplemental data 2. The CLUSTAL W method was used with the
PAM250 residue weight table (Thompson et al., 1994) in alignments,
and bootstrap analysis of phylogenetic trees was performedwith 1000
trials and 111 random seeds. The assignment of novel genotypes was
approved by the Rotavirus Classiﬁcation Working Group (RCWG) as
described by Matthijnssens et al. (2008b).Acknowledgments
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